An NADH oxidase from the anaerobic hyperthermophilic bacterium Thermotoga maritima was purified. The enzyme was very active in catalyzing the reduction of oxygen to hydrogen peroxide with an optimal pH value of 7 at 80°C. The V max was 230 ؎ 14 mol/min/mg (k cat /K m ‫؍‬ 548,000 min ؊1 mM ؊1 ), and the K m values for NADH and oxygen were 42 ؎ 3 and 43 ؎ 4 M, respectively. The NADH oxidase was a heterodimeric flavoprotein with two subunits with molecular masses of 54 kDa and 46 kDa. Its gene sequences were identified, and the enzyme might represent a new type of NADH oxidase in anaerobes. An NADH-dependent peroxidase with a specific activity of 0.1 U/mg was also present in the cell extract of T. maritima.
Thermotoga maritima is a hyperthermophilic anaerobic bacterium capable of growing at 90°C. It utilizes carbohydrates and cell extracts such as yeast extract as energy and carbon sources, and it produces H 2 , CO 2 , acetate, and lactate (15) . Although oxygen is toxic and sparse in the natural habitat for anaerobes, it has been reported that some strictly anaerobic microbes, including a few Thermotogales species, could grow in the presence of a micromolar level of oxygen (45, 46) . However, the nature of the cellular system facilitating this oxygen tolerance has not been determined. In addition to enzymes such as superoxide dismutase (12) , superoxide reductase (16) , and peroxidase and catalase (10, 12, 49) , NADH oxidase is considered to be an important enzyme involved in oxygen scavenging systems because of its potential to reduce the oxygen that is transiently encountered by anaerobes (14, 19, 20) .
NADH oxidases are flavoproteins, which react with oxygen to produce either water in a four-electron transfer process or hydrogen peroxide (H 2 O 2 ) in a two-electron transfer process (39) . An H 2 O 2 -forming NADH oxidase from Thermotoga hypogea has been purified and characterized, and its catalytic properties are similar to other anaerobic hyperthermophilic NADH oxidases (51) . The T. hypogea enzyme is a typical NADH oxidase that has the structure of a homodimer of 50 kDa and contains one flavin adenine dinucleotide (FAD) per subunit. However, NADH oxidase activity in T. maritima cell extract was about six times higher than that in T. hypogea, indicating that a much more active NADH oxidase in T. maritima may have a greater ability to remove accidentally encountered oxygen. The present paper reports that a highly active NADH oxidase from T. maritima was purified and characterized. We propose that the purified enzyme is part of an oxygen-scavenging system in the T. maritima cell.
Growth and NADH oxidase activities in the presence of oxygen. T. maritima was cultured in a medium modified from that of Huber (15) at 80°C, but without the addition of reducing agent and sulfur or sodium thiosulfate unless specified. As previously reported (46) , this organism could grow in up to 1% (vol/vol) oxygen, corresponding to a dissolved oxygen concentration of 5.2 M in the medium, which was estimated based on the partial pressure of oxygen as described previously (20) . No growth occurred when the oxygen concentration was 1.5% (vol/vol) in the gas phase. NADH oxidase activity was determined in a glass cuvette by monitoring O 2 -dependent oxidation of NADH spectrophotometrically at 340 nm (ε 340 ϭ 6.22 mM Ϫ1 cm Ϫ1 ) at 80°C (48) . One unit of NADH oxidase activity was defined as 1 mol NADH oxidized per minute. NADH oxidase activities from cells that were grown anaerobically at their late log phase and then exposed to oxygen at concentrations of 0, 2.5, and 5% (vol/vol) for 30 min at 80°C were determined to be 1.0, 1.4, and 1.5 U/mg, respectively. When chloramphenicol (100 mg per liter) (15, 17) was added, there was no increase in the NADH oxidase activity if exposed to oxygen (5%, vol/vol), and there was no change in the NADH oxidase activity if there was no exposure to oxygen. Therefore, the slight increase of the NADH oxidase activities likely resulted from the enzyme production in response to oxygen in the growth media. There was a fairly constant NADH oxidase activity of 1.0 Ϯ 0.1 U/mg from T. maritima cells grown in the absence of oxygen, even with the addition of cysteine HCl (0.4 g/liter) and sodium thiosulfate (3.2 g/liter) to the growth medium. This activity is still the highest compared to 0.13 U/mg in T. hypogea (51) , 0.55 U/mg in Thermotoga neapolitana (our unpublished data), 0.29 U/mg in Thermococcus guaymasensis (our unpublished data), 0.042 U/mg in Clostridium aminovalericum (19) , and 0.073 U/mg in Amphibacillus xylanus (31) .
Purification of T. maritima NADH oxidase. To obtain sufficient T. maritima cell mass for the purification of NADH oxidase, large-scale culture (15 liters) was grown routinely at 80°C. Cell extract was prepared anaerobically from 50 g of T. maritima cells using procedures similar to those described previously (51) , and the protein concentration was determined using the Bradford method with bovine serum albumin as the standard protein (4). The cell extract was applied to a DEAESepharose Fast Flow column (5 by 10 cm; Amersham Biotech, Quebec, Canada) that was preequilibrated using buffer A (50 mM Tris-HCl, pH 7.8, 5% [vol/vol] glycerol, 1 mM sodium dithionite, and 1 mM dithiothreitol) at a flow rate of 4 ml/min. The column was eluted with a linear gradient of 0 to 0.3 M NaCl in buffer A. The NADH oxidase started to elute out as 0.10 M NaCl was applied to the DEAE-Sepharose column. The fractions with high NADH oxidase specific activity (Ͼ4-fold of purification) were pooled and applied to a hydroxyapatite (Bio-Rad) column (2.6 by 10 cm) equilibrated with buffer A. The column was eluted with a linear gradient of 0 to 0.15 M KH 2 PO 4 in buffer A at a flow rate of 2 ml/min. The NADH oxidase started to elute out as 0.065 M KH 2 PO 4 was applied to the column. Fractions containing NADH oxidase activity were pooled and applied to a phenyl-Sepharose HP column (2.6 by 8 cm) equilibrated with 0.8 M (NH 4 ) 2 SO 4 in buffer A. The column was eluted with a linear gradient of 0.8 to 0 M (NH 4 ) 2 SO 4 at a flow rate of 2 ml/min. The NADH oxidase was eluted out as 0.52 M (NH 4 ) 2 SO 4 was applied to the column. Fractions containing high NADH oxidase activity were pooled and concentrated by ultrafiltration (Amicon ultrafiltration membrane PM 30). The concentrated fraction (3.0 ml) was applied to a Superdex 200 column (2.6 by 60 cm; Amersham Biotech, Quebec, Canada) equilibrated with buffer A containing 100 mM KCl at a flow rate of 2 ml/min. Fractions containing high NADH oxidase activity were combined and applied to a Q-Sepharose HP column (1.6 by 10 cm) equilibrated with buffer A. The column was eluted with a linear gradient of 0 to 0.5 M NaCl in buffer A at a flow rate of 1.0 ml/min. NADH oxidase was eluted out as 0.25 M NaCl applied to the column. Fractions containing pure NADH oxidase as revealed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (22) were stored at Ϫ20°C until use.
The purification results are presented in Table 1 . NADH oxidase was eluted out as a predominant single peak from each column, and the enzyme was purified approximately 130-fold, indicating that this enzyme is present in the cell in a quantity slightly less than 1% (Table 1) .
Biophysical properties of the NADH oxidase. The purified NADH oxidase had two types of subunits with molecular masses of 54 and 46 kDa, respectively (Fig. 1) . The native molecular masses of the purified enzymes were estimated to be 90 Ϯ 10 kDa, calculated by using a calibrated Superdex 200 column (2.6 by 60 cm) equilibrated with buffer A containing 100 mM KCl at a flow rate of 2 ml/min. These results suggested that the purified NADH oxidase was a heterodimer, which is different from typical NADH oxidases previously characterized (48) but similar to a small number of such enzymes (36) . However, it is the first of this type of NADH oxidase found in an anaerobic hyperthermophile.
The solution containing the purified NADH oxidase was yellowish, which was an indication of the presence of flavin. The oxidized enzyme solution (0.25 mg in 1 ml of 50 mM Tris-HCl buffer, pH 7.8) in a quartz cuvette was scanned to obtain an absorption spectrum from 190 nm to 600 nm (Varian Bio 50 UV-visible spectrophotometer). Absorbance peaks at 274, 366, and 445 nm were observed as characteristics of oxidized flavoprotein (data not shown). The flavin cofactor was extracted as a yellowish compound that was released after the enzyme was mixed with methanol and boiled for 10 min in the dark (51) . Using thin-layer chromatography, the released flavin was further identified to be FAD, since it comigrated with commercially available FAD, which did not comigrate with flavin mononucleotide (FMN) and riboflavin (51) . The NADH oxidase contained 1.9 Ϯ 0.1 mol of FAD per mol native enzyme based on the absorbance value at 450 nm (ε 450 ϭ 11.3 mM Ϫ1 cm Ϫ1 ) (50) and the protein amount from which the FAD was extracted.
T. maritima NADH oxidase was purified under strictly anaerobic conditions. However, during the purification, it was found that enzyme samples exposed to air exhibited a decrease in enzyme activity. Therefore, oxygen sensitivity of the NADH oxidase was further determined for both cell extract and the purified enzyme. The results showed that the inactivation rate of NADH oxidase activity was dependent on oxygen concentration. The times required for the loss of 50% of the enzyme activity from the purified enzyme were about 20 min and 40 min for oxygen concentrations of 20% (vol/vol) and 1% (vol/ vol), respectively. However, the times required for the loss of 50% of the enzyme activity from the cell extract were about 60 min and 360 min for oxygen concentration of 20% (vol/vol) and 1% (vol/vol), respectively. Apparently, the enzyme in the cell extract was more resistant to oxygen inactivation than the purified enzyme. There might be unknown factors present in the cell extract, which protected the NADH oxidase from inacti- vation by exposure to oxygen. These results lead to a conclusion that the NADH oxidase in T. maritima was highly active and oxygen sensitive. It is known that some inactivated oxygen-sensitive enzymes can be recovered by incubation with reducing reagents (33) . Therefore, recoverability of the inactivated T. maritima NADH oxidase was tested in the presence of sodium dithionite and dithiothreitol under anaerobic conditions. Incubation with either sodium dithionite (2 mM) or dithiothreitol (2 mM) could achieve only partial recovery of the inactivated enzyme (ϳ54%). A full reactivation (100%) of the enzyme activity was achieved only in the presence of both sodium dithionite (2 mM) and dithiothreitol (2 mM). Moreover, the recoverability for NADH oxidase activity from both purified enzyme and cell extract was also dependent on both the time periods of exposure to oxygen and incubation with sodium dithionite and dithiothreitol (Fig. 2 ). There was a quick recovery of approximately 65 to 80% of the activity in the cell extract within 10 min of incubation with sodium dithionite and dithiothreitol, while a 100% recovery of the activity required a longer incubation time (Ͼ10 h) when the cell extracts were exposed to air from 0.5 to 2 h. For the purified enzyme, it appeared that there was only a quick recovery process (approximately 50 to 100% of the activity within a half hour), and no significant further reactivation was observed after a longer period of incubation with sodium dithionite and dithiothreitol (Ͼ10 h) when the purified enzyme was exposed to air within one hour. Nevertheless, full activity recovery for the cell extract and the purified NADH oxidase was achieved only if the amount of time exposed to air was less than 2 h and 0.3 h, respectively (Fig. 2) . It is concluded that the purified enzyme is much more subject to oxygen damage than the cell extract, and it is not clear which mechanism is involved in both the inactivation and reactivation processes.
Gene identification and sequence analysis. Protein samples from each of the two subunits from the SDS-PAGE were excised and treated and digested with trypsin, and the resulting peptides were extracted and cleaned using procedures similar to those described previously (40) . The cleaned peptide samples were used for mass spectrometry analyses, which were carried out by the Mass Spectroscopy Facility at the University of Waterloo on a Waters Micromass Q-TOF Ultima spectrometer using nanospray injection as the sample delivery method. Tandem mass spectrometry profiling using PEAK software (BSI, Waterloo, ON) revealed that the large subunit (54 kDa) and the small subunit (46 kDa) were the products of T. maritima genes TM1432 and TM1433, respectively (30) . Both genes were annotated as conserved hypothetical proteins with calculated molecular masses of 53,628 and 44,861 Da, respectively. A conserved flavin-binding site (GXGX 2 GX 3 A) was present at the N terminus of each protein encoded by the genes, which is consistent with the experimental value of ϳ2 FAD moieties per native enzyme. In addition, a bacterioferritin-associated ferredoxin-like binding region (CXCX 32 CX 4 C) was found to be present near the C terminus of the large subunit (TM1432), which presumably binds a [2Fe-2S] cluster that is not present in any other NADH oxidases known. Acid-labile sulfur content and iron content were measured using methylene blue formation (3) and an inductively coupled plasma-mass spectrometer (VG Elemental PlasmQuad 3 ICP-MS at the Chemical Analysis Laboratory, University of Georgia), respectively. The purified enzyme contained 2.0 Ϯ 0.1 g atoms of acid-labile sulfur and 2.2 Ϯ 0.2 g atoms of iron per mol, which confirmed the prediction of a [2Fe-2S] cluster based on the sequence analysis. This type of [2Fe-2S] cluster can have a low redox potential of Ϫ254 mV (35) , which may make it subject to damage by exposure to oxygen. In fact, the acid-labile sulfur and iron contents of the enzyme that was exposed to air and had a loss of more than 60% of its activity were determined to be only 1.6 Ϯ 0.1 and 1.4 Ϯ 0.2 g atoms per mol, respectively, indicating oxygen indeed caused the damage of the [2Fe-2S] cluster present in the purified NADH oxidase from T. maritima. A Blast search was performed (1), and the results showed that the T. maritima NADH oxidase had 40 to 47% protein sequence identity and 59 to 67% protein sequence similarity to genes (locus tag numbers) present in anaerobes, which are TK1393 and TK1392 in Thermococcus kodakaraensis (13), PF2005 and PF2006 in Pyrococcus furiosus (37), PAB0183 and PAB0184 in Pyrococcus abyssi (9), TTE2001 and TTE2000 in Thermoanaerobacter tengcongensis (2), Teth39DRAFT_0751 and Teth39DRAFT_0752 in Thermoanaerobacter ethanolicus (http: //www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?valϭAAKQ00000000), CsacDRAFT_2355 and CsacDRAFT_2356 in Caldicellulosiruptor saccharolyticus (http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?val ϭAALW00000000), CA_C1322 and CA_C1323 in Clostridium acetobutylicum (32), CbeiDRAFT_3784 and CbeiDRAFT_3783 in Clostridium beijerinckii (http://www.ncbi.nlm.nih.gov/entrez /viewer.fcgi?valϭAALO00000000), CPE2551 and CPE2550 in Clostridium perfringens (41) , and CTC_02436 and CTC_02435 in Clostridium tetani (5) . These pairs of genes were found to be organized as adjacent open reading frames that are likely within the same operon in the genome, and each of the gene products is generally annotated as either hypothetical protein, by the purified T. maritima NADH oxidase was determined using the 2,2Ј-azino-bis(3-ethylbenzthiazoline-6-sulfonic acid) method described previously (52) . It was found that more than 94% Ϯ 3% of the NADH oxidized was used to produce a stoichiometric amount of H 2 O 2 . Therefore, it was concluded that the purified NADH oxidase from T. maritima catalyzed the reduction of O 2 to H 2 O 2 exclusively using NADH as an electron donor. The optimal pH for the enzyme activity was determined to be 7.0 (data not shown). Maximal activity of the NADH oxidase from T. maritima was found to be at 80°C (data not shown), which is the optimal growth temperature for the organism. Tests for the thermal stability of the enzyme were carried out in 50 mM Tris/HCl buffer (pH 7.8) containing no substrate but 5% (vol/vol) glycerol at 80°C, and the estimated time for the loss of 50% activity (t 1/2 ) was about 100 min.
K m values for NADH and oxygen were determined by measuring the initial rate (within 10 to 20 seconds) at different concentrations of NADH (0, 0.025, 0.05, 0.1, and 0.2 mM) and oxygen (0, 7.8, 16, 24, 38, 55, and 103 M) in 100 mM phosphate buffer (pH 7.0) at 80°C. The buffer used for determining K m for oxygen was prepared by adding different amounts of oxygen to stoppered glass cuvettes containing anoxic 100 mM phosphate buffer (pH 7.0) followed by vigorous shaking of the cuvettes. The dissolved oxygen concentration in 100 mM phosphate buffer was estimated to be 0.086 mM at 80°C when the partial pressure of oxygen was 0.2 ϫ 10 5 Pa as reported previously (20) , and this value was used for other calculations when the partial pressure of oxygen varied. NADH oxidase activity was dependent on concentrations of both NADH and O 2 , and the catalysis followed Michaelis-Menten kinetics (data not shown). Both Lineweaver-Burk plots of the NADH-dependent oxidase activities at different oxygen concentrations (7.8, 16, 24, 38, 55 , and 103 M) and oxygen-dependent oxidase activities at different concentrations of NADH (0.025, 0.05, 0.1, and 0.2 mM) showed parallel lines, indicating a ping-pong catalytic mechanism (data not shown). Apparent V max values corresponding to different concentrations of either NADH or oxygen obtained from the plots also followed Michaelis-Menten kinetics. These data were used for obtaining secondary Lineweaver-Burk plots, from which K m values for NADH and O 2 and a V max value were calculated to be 42 Ϯ 3 M, 43 Ϯ 4 M, and 230 Ϯ 14 mol min Ϫ1 mg Ϫ1 , respectively. The K m value for O 2 (43 Ϯ 4 M) is the lowest among all known NADH oxidases from hyperthermophilic anaerobes (60 to 2,900 M) (20, 48, 51) . Its low K m value for O 2 and high specificity constant (k cat /K m ) of 548,000 min Ϫ1 mM Ϫ1 may suggest that the purified NADH oxidase is very efficient at removing oxygen that is transiently encountered by T. maritima.
The purified NADH oxidase could not use NADPH as an electron donor for the reduction of oxygen. It catalyzed electron transfer from NADH to other electron acceptors under anaerobic conditions (Table 2 ). This enzyme exhibited the highest activity using O 2 as an electron acceptor (140 U/mg, 100%) compared to lower activities for benzyl viologen (20%) and 5,5Ј-dithiobis-(2-nitrobenzoic acid) (DTNB, 7%), while no activity was observed when FAD, FMN, or riboflavin was used as the electron acceptor. Its incapability to catalyze the reduction of flavins is similar to that of a water-forming NADH oxidase from Lactococcus lactis (23) . Although 2,6-dichlorophenolindophenol (DCPIP) had a comparable activity with O 2 (94%), the apparent K m value was six times higher (0.26 mM) and the apparent k cat /K m value was seven times lower (77,000 min Ϫ1 mM Ϫ1 ) than those of O 2 . It can be concluded that O 2 is the best substrate among all tested.
To determine if the purified NADH oxidase had functions other than NADH oxidation with oxygen as the electron acceptor, various enzyme activities were determined. The purified enzyme could not reduce H 2 O 2 (NADH peroxidase; 11), ␣-ketoglutaric acid plus glutamine (glutamate synthase; 43), oxidized glutathione (glutathione reductase; 34), H ϩ (hydrogenase; 26), sodium nitrate (nitrate reductase; 29), and sulfite (sulfite reductase; 42) when NADH was used as the electron donor under anaerobic conditions. Neither could this enzyme oxidize H 2 (hydrogenase; 24) or dihydrolipoamide (dihydrolipoamide dehydrogenase; 44) when NAD ϩ was used as the electron acceptor. No activities of methyl viologen-dependent hydrogenase (24), NAD-or T. maritima ferredoxin-dependent glycerol-3-phosphate dehydrogenase (8, 21) , sarcosine dehydrogenase (18) , or sarcosine oxidase (47, 52) were detectable. Therefore, oxygen was found to be the only relevant electron acceptor identified for the purified T. maritima NADH oxidase.
The following chemicals were tested for their effects on the activity of NADH oxidase: HgCl 2 , CuCl 2 , quinine, quinacrine, hydrocortisone, and NaCN. After the enzyme was preincubated anaerobically with each of the chemicals (3 mM) on ice for 1 h, the NADH oxidase activity assay was performed. The enzyme sample without incubation with any of the compounds served as a control (100%). The residual activities of T. maritima NADH oxidase were 1.7%, 40%, 54%, 77%, 95%, and 100% when incubated with HgCl 2 , CuCl 2 , quinacrine, quinine, hydrocortisone, and NaCN, respectively. Such sensitivity to the inhibitors quinacrine and quinine is similar to that observed for other NADH oxidases (39) . Physiological role of the NADH oxidase. In contrast to most of the mesophilic enzymes that catalyze the formation of H 2 O (19), the purified NADH oxidase from T. maritima catalyzed the electron transfer from NADH to molecular oxygen and produced hydrogen peroxide exclusively, which is a distinctive property of NADH oxidases from hyperthermophilic microorganisms (51) . No H 2 O-forming NADH oxidase from this group of microbes has been reported, though a recombinant NADH oxidase from P. furiosus could produce both hydrogen peroxide (77%) and water (23%) (48) . The production of hydrogen peroxide remains a puzzle for all NADH oxidases from hyperthermophilic microorganisms because hydrogen peroxide, a reactive oxygen species, is obviously more toxic than molecular oxygen. If the accumulated hydrogen peroxide cannot be removed fast enough, it will produce hydroxyl radicals and cause injury of cells in the presence of redox-active metal ions such as Fe 2ϩ (38) . The purified enzyme did not have either NADH-or NADPH-dependent peroxidase activity. However, it was found that an NADH-dependent, not NADPH-dependent, peroxidase activity was present in the cell extract of T. maritima. The peroxidase activity was dependent on concentrations of both NADH (0 to 0.2 mM) and H 2 O 2 (0 to 0.36 mM), and the catalysis followed Michaelis-Menten kinetics (data not shown). Apparent K m values for NADH and H 2 O 2 were determined to be 6.5 M and 0.25 mM, respectively. The apparent V max was determined to be 0.1 U/mg, which is much lower than that of NADH oxidase activity (1 U/mg) in the cell extract. There was no H 2 O 2 produced with a consumption of NADH up to 130 Ϯ 10 mol in the presence of oxygen up to 5% (vol/vol) in the gas phase and 186 g T. maritima cell extract within 5 min at 80°C. However, the value of H 2 O 2 produced over NADH consumed increased from 0.2% Ϯ 0.1% to 8.3% Ϯ 0.6% when the oxygen concentration increased from 8 to 20% (vol/vol) with a consumption of NADH from 186 Ϯ 12 to 286 Ϯ 18 mol, respectively, under the same assay conditions. These results showed that T. maritima was in principle capable of reducing oxygen completely to H 2 O with no accumulation of H 2 O 2 when the concentration of exposed oxygen was low. This may provide an explanation as to why anaerobic T. maritima can only tolerate a low oxygen concentration.
No NADH peroxidase homolog was found to be present in the genome sequence of T. maritima (30) . Although a possibility that a new type of NADH peroxidase may not show homology to any known ones cannot be excluded, the reduction of peroxide to H 2 O may be carried out alternatively by an NADH-independent peroxidase, such as rubrerythrin (49) . In fact, there are two such peroxidase homologs: TM0657 (rubrerythrin) which may function similar to peroxidase in Desulfovibrio vulgaris (10) and P. furiosus (49) , and TM0807 (alkyl hydroperoxide reductase AhpC) which might be the catalytic subunit for reducing alkyl hydroperoxide or hydrogen peroxide to H 2 O when other components (NADH and AhpF) are supplemented (6) . Therefore, an oxygen-removing system present in T. maritima is proposed to work in two steps: firstly by converting O 2 to hydrogen peroxide by the NADH oxidase, and secondly by reducing the hydrogen peroxide to water by an NADH peroxidase or rubrerythrin or alkyl hydroperoxide reductase.
It was thought that NADH oxidase from Thermoanaerobium brockii might play other roles under physiological conditions (27) . Such NADH-utilizing flavoproteins may transfer electrons to acceptors other than molecular oxygen. Therefore, it is probably reasonable to speculate that the purified NADH oxidase in T. maritima might play other roles in vivo.
